The City of San Diego (City) operates the Point Loma Wastewater Treatment Plant (PLWTP) which can normally treat up to 240 million gallons per day (MGD) of chemically enhanced primary treated (CEPT) effluent for ocean disposal. The City wanted to understand the performance capabilities of Biological Aerated Filters (BAFs) in treating CEPT effluent to secondary standards. To this end, the City conducted a one year pilot plant evaluation of BAF technology supplied by the two leading BAF manufacturers with experience in providing and operating BAFs greater than 30 MGD capacity. The pilot test results, which were reported at the 2005 WEFTEC conference, confirmed that the BAF technology is capable of producing secondary treated effluent that meets anticipated discharge requirements during simulated wet weather and dry weather conditions. This paper reports on oxygen transfer efficiencies, which were measured twice during the pilot study using the off-gas method. The first set of tests was largely unsuccessful due to mechanical problems that were unrelated to aeration equipment. The second set of tests was successful and showed process water oxygen transfer efficiencies (OTE) of 1.3 to 1.8 %/ft (4.1 to 5.7 %/m) and 1.8 to 2.4 %/ft (6 to 7.9 %/m) for the two different pilot plants at their nominal design conditions. A mass balance using chemical oxygen demand and dissolved organic showed similar transfer rates. These rates are higher than can be expected from fine pore diffusers for similar process conditions and depths.
INTRODUCTION
The PLWTP is the City's largest wastewater treatment plant with the capacity to produce up to 240 million gallons per day (MGD) (annual average daily flow) of chemically enhanced primary treated (CEPT) effluent for ocean disposal. Despite fully complying with its NPDES permit, the City has elected to proactively prepare itself for any potential need to increase the level of treatment by evaluating secondary alternatives that are best suited for the land constrained PLWTP site. The City embarked upon the evaluation of the state of the technology for high-rate secondary wastewater treatment processes. The evaluation resulted in identifying the BAF process as having the most promise, given site constraints, cost, track record for large-scale installations, and anticipated treatment requirements. However, lack of BAF performance data for carbonaceous removal in warm climates and the need to evaluate the BAF technology under local conditions and with San Diego wastewater motivated the City to invest in a pilot Results documenting the performance of the columns and their success in meeting secondary treatment goals were provided previously by Newman et al. (2005) . They documented removal rates and process economics as a function of the loading rate. The process was judged as a viable alternative for meeting secondary treatment goals, although they cited the need for more research to better understand biosolids production rates. This paper complements their paper with additional information on oxygen transfer efficiency (OTE = O 2,transferred / O 2,fed ) and testing methodology. Leung et al. (2003) have also reported oxygen transfer rates in bench and pilot scale BAFs, but did not use the off-gas method.
METHODOLOGY
Oxygen transfer efficiency was evaluated to validate manufacturers' claims, and to provide data to support a full-scale design. OTE was measured using the off-gas method (Redmon et al., 1983) . This technique is based on performing an oxygen purity measurement on the off-gas stream leaving the top of the biological reactor, and on performing a mass balance between the air feeding line and the off-gas. The off-gas measurement technique can be applied to the biological reactor in operation, and it is the most accurate and commonly used method for measuring OTE in process waters (ASCE, 1997).
The American Society of Civil Engineers has a standard guideline for process water testing and the offgas method is the most commonly used method (ASCE, 1997). One of its important advantages is its independence of process conditions, such as the dissolved oxygen concentration in the aeration tank. Normally, off-gas testing is performed on activated sludge aeration basins and has become the method of choice for testing of diffused aerators. Floating hoods with capture areas ranging from 2 to 5 m 2 are typically used, and are placed in various locations on the surface of an aeration tank (generally more than 2% of the surface area) to obtain time-and space-averaged oxygen transfer rates.
Testing was performed on two occasions. The first test was performed on three pilot columns and was not successful for two of the columns due to mechanical problems unrelated to the off-gas procedure or aeration equipment. A second test was performed on two columns near the end of the study, when the Biofor and Biostyr columns had been optimized for meeting the carbonaceous requirements of secondary treatment (i.e., 85% removal of BOD and TSS or 30 mg/L in the effluent, whichever is less).
The off-gas method was applied to the BAF pilot plants by covering the entire column and capturing 100% of the off-gas. In this way, the measurement produces the actual oxygen transfer rate within the entire reactor, not just at the measured point. Figure 1 shows the arrangement for testing. Each column (< 1 m diameter) was covered with two layers of 10-mil construction plastic liner and all other gas release points were sealed. In this way the off-gas was forced to exit through the sampling point at the top of the column. An important feature of this arrangement is the development of a small positive pressure of few centimeters of water column under the construction plastic. This caused the plastic to bulge outward and insured that leaks, if any, would be leaks of off-gas to the atmosphere; these would not affect transfer efficiency measurement unlike air leaks into the columns. This increased pressure was recorded in the analyzer and the final results are scaled to avoid bias.
Testing was performed at the expected design conditions and over a range of air flow rates that spanned the design point. Dissolved oxygen concentrations were measured at various points along the column height in order to adjust observed OTE to process standard oxygen transfer efficiency (αSOTE, %) as described by the ASCE standard guidelines. Dissolved organic carbon and chemical oxygen demand were measured as a function of column height. A mass balance was also performed to relate measured OTE to transfer rates expected from COD removal rate. Table 1 shows the process conditions during the testing. The Biofor column was partially nitrifying during the testing. Table 2 and Figures 2 and 3 show the results for the Biofor and Biostyr columns respectively, with OTE and αSOTE shown on the top graph and DO concentrations shown on the lower graph. The graphs show trends related to liquid and gas flow rates. The OTE declines with increasing gas flow rate, which is an expected result. At some lower value of gas flow rate, depending upon process conditions, the DO concentration begins to decline and at extremely low gas flow rates may become limiting. This may pose operating difficulties and represents a challenge for adjusting to standard conditions, which is discussed later.
RESULTS AND DISCUSSION
Figures 2 and 3 show efficiencies that are higher than typically achievable at the same process water depth with fine pore aeration systems. Peak OTE was approximately 6.0%/m (1.8%/ft) which compares quite favorably to OTEs for fine pore diffusers. Rosso et al. (2005) reported average values of αSOTE of 3%/m for fine pore diffusers, with values reaching 5%/m for new diffusers at longer mean cell retention times. These αSOTE values compare to OTEs of about 4%/m and 6%/m, respectively (assuming an α factor of 0.5 and DO of 2.0 mg/L). This high rate is obtained without using a small gas release orifice typical of fine pore aeration devices. The reason for this is gas hold up in the media. One column had an observation port and in the early part of the study, it was possible to observe gas bubbles being retained on the media for a few seconds. Bubbles could be seen moving upward under the influence of turbulent flow, then attaching or being captured for several seconds among media particles, and then being sheared away and replaced by new bubbles. This bubble retention provides additional contact time for gas transfer, which is believed to account for the high transfer efficiency. The media shape (spheres in the case of the Biostyr and irregular shapes for the Biofor) may have an impact on gas hold up, but this effect could not be evaluated. Figure 4 shows two photographs of the media size and shape.
It appears that applying standard conditions for oxygen transfer, as described in the ASCE Standard (1991), may not be appropriate for the BAF process. In adjusting to standard conditions, the ASCE standard assumes that the dissolved oxygen concentration is homogenous throughout the aeration zone. In the case of BAFs with low air flow rates, this may not be true. In fact, the varying oxygen demand along the height of the BAF may create oxygen-limited conditions in one area with adequate or more than adequate oxygen in other areas. At low air flow rates, the mixing provided by air bubbles may be insufficient to mix the reactor well, and a plug flow reactor (PFR) model may be more appropriate to describe the hydraulic regime in the BAF. Using a simple average DO concentration for correction, which is usually acceptable for other types of aeration processes, may not be acceptable for this situation.
The ASCE methodology, which is generally based upon the assumption of complete mixing, has been used to describe aeration in plug flow regimes (Boyle et al., 1988) . The procedure was to divide the volume of the tank or reactor being aerated into zones and treat each zone independently with respect to mass transfer rates and DO concentration. In this way, Boyle et al. were able to show that the ASCE method for clean water testing and off-gas results for process water testing produced virtually identical results when compared to tracer and mass balance methods.
A natural consequence of this procedure would be to base the conversion from standard to process conditions on the minimum DO concentration observed over the height of the column. In this way, if a clean water transfer rate (i.e., standard oxygen transfer efficiency or SOTE, %) is used to calculate a process water rate, the column DO concentration will always exceed the required DO concentration. For example, Biostyr test 4 used the lowest airflow rate (1.5 SCFM) and as a consequence had the lowest DO concentrations. Figure 3 shows that even at the low air flow rate the DO profile was adequate in the lower portions of the column, and was similar to tests at higher air flow rates. In the upper portion of the column the DO profile was more variable and was below 2 mg/L in one case (test 4, Figure 3 ). The αSOTE was 49% using the average DO concentration. Using the minimum DO of 1.6 mg/L produces 34% αSOTE, which is a more conservative design value, and would ensure that the top of the column would have 1.6 mg/L DO for the same conditions. If the 49% were used, the top of the column would operate at lower DO concentration, and may be too low for optimal treatment. If the αSOTE results are recalculated using 5 mg/L for the Biofor and 4.0 mg/L for the Biostyr, which are conservative, minimum DO concentrations (except test 4, discussed previously) the αSOTE declines to 95% of the values show in Figures 2 and 3 , on average. This more conservative values for αSOTE are our recommended design values to reach optimum aeration in BAFs, except in special cases such as test 4 for Biostyr, where a lower value is appropriate.
To determine if the oxygen transfer results were consistent with the oxygen demand being removed from the influent, a mass balance was performed. The basis of this balance is shown in equation 1: OUR = COD in -COD out -COD converted to cell mass + Q · (DO out -DO in )
( 1) where OUR = oxygen uptake rate (mass O2 /time).
The oxygen transfer rate (OTR, mass O2,transferred /time) is calculated as follows:
where w 02 = weight fraction of oxygen in air = 23%.
The units must be consistent for the two equations. For equation (2), a commonly used conversion factor, noted in the ASCE Standard (1991) is 1.036 if air flowrate is expressed in SCFM, OTE expressed as a fraction, and OTR expressed in pounds per hour. Table 3 shows the results of applying these equations for each test for both columns. In the case of nitrification, a value of 4.5 mg O2 /mg NH4-N was used to calculate the oxygen required for nitrification. This is necessary because the endpoint of nitrogen in the COD test is ammonium. The Biofor mass balances agree on average within 8%. The difference for the Biostyr is greater, averaging 43%, with the mass balance predicting greater transfer than the off-gas measurements.
The fractional conversion of COD to cells is usually called the heterotrophic yield Y H , and ranges from 0.3 to 0.7 depending on the sludge age of the system and the substrate being treated. In the case of nitrification, the yield represents the fraction of the ammonia that is needed for cell synthesis, which is too low to be of significance for this experimental condition. A heterotrophic yield of 0.5 was used for the analysis. Table 3 shows the results of applying these equations for each test for both columns. The oxygen transfer rate in the Biostyr column is greater than the calculated uptake rate. For the Biofor column, the oxygen uptake rate is greater for the low air flow conditions and less for the high air flow conditions. This may result because of changing conditions in the column. Note that the average CODs and nitrate concentrations were used; if they varied from test to test, it would affect the mass balance. The ASCE process water testing guidelines describes material balance methods for estimating oxygen transfer as rough approximations and these results are considered good by this characterization.
The oxygen transfer efficiencies (OTE) of the Biofor columns (4 to 6 %/m) were as good or better as one might expect from a typical fine-pore aeration system (3 to 5 %/m) treating similar flows at similar depths. The improved transfers are likely due to the bubble hold up time in the media. The window in the Biostyr column showed that bubbles are briefly trapped among media particles as they rise, extending their residence time in the column.
The dissolved oxygen (DO) concentration in each column decreased with increasing height. For one test condition at low air flow rate, the DO concentration at the top of the Biostyr column decreased to 1.6 mg/L, even though in the lower parts of the column the DO was more than 5 mg/L. This suggests that the minimum DO in the column be used for converting process water oxygen transfer rates to clean water rates.
Liquid and air-side mass balances were performed to see if the gas transfer rates matched the removal of oxygen demand in the BAFs. The liquid-side balance used influent and effluent COD and typical values of cell yield. The mass balances for the Biofor was relatively close (8% average difference). The match for the Biostyr was poorest, with the liquid-side balance showing 43% more transfer than observed in the off-gas testing. 
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